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Abstract In this paper we investigate a manufacturer’s sustainable sourcing strat-
egy that includes recycled materials. To produce a short life-cycle electronic good,
strategic raw materials can be bought from virgin material suppliers in advance of
the season and via emergency shipments, as well as from a recycler. Hence, we take
into account virgin and recycled materials from different sources simultaneously.
Recycling makes it possible to integrate raw materials out of steadily increasing
waste streams back into production processes. Considering stochastic prices for
recycled materials, stochastic supply quantities from the recycler and stochastic
demand as well as their potential dependencies, we develop a single-period
inventory model to derive the order quantities for virgin and recycled raw materials
to determine the related costs and to evaluate the effectiveness of the sourcing
strategy. We provide managerial insights into the benefits of such a green sourcing
approach with recycling and compare this strategy to standard sourcing without
recycling. We conduct a full factorial design and a detailed numerical sensitivity
analysis on the key input parameters to evaluate the cost savings potential. Fur-
thermore, we consider the effects of correlations between the stochastic parameters.
Green sourcing is especially beneficial in terms of cost savings for high demand
variability, high prices of virgin raw material and low expected recycling prices as
well as for increasing standard deviation of the recycling price. Besides these
advantages it also contributes to environmental sustainability as, compared to
sourcing without recycling, it reduces the total quantity ordered and, hence, emis-
sions are reduced.
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1 Introduction
When sourcing strategic materials, manufacturers, especially for electronic products,
nowadays are confronted with two main developments. First, strategic materials
(critical materials like rare earth elements or other scarce raw materials1 and conflict
materials2) are essential for industrial production of electronic and electric consumer
equipment and widely used in components for high-tech products like capacitors for
mobile phones. Important physical properties furthermore allow rare earths to be used
as magnets for renewable energy technologies integrated in electric and hybrid
vehicles and wind turbines. All of those industry sectors show a significant rise in
demand for their products. Companies are therefore increasingly challenged to secure
a steady stream of supply of such critical and conflict raw materials. Scarcity of raw
materials with high economic importance and temporary shortages of mined resources
due to potential unreliability of the supply source make it difficult for supply chains to
secure a reliable and undistorted supply of and access to production inputs (European
Commission 2014a). Limited availability of a mining source (e.g. during the rare earth
crisis starting in 2010, Buijs and Sievers 2012) together with growing demand for end
products result in the need for a further source of supply.
Second, the increasing demand for electronic gadgets and renewable technolo-
gies leads at the same time also to steadily growing waste streams, especially for
consumer goods with short product life cycles, e.g. smart phones (Kiesmu¨ller and
Van der Laan 2001; Sodhi and Reimer 2001; Savage et al. 2006; Wakolbinger et al.
2014). In order to cope with growing waste streams, regulations like the Waste of
Electric and Electronic Equipment (WEEE) Directive (Directive 2002/96/EC) have
been established to deal with the challenges of products at their end of life and to
contribute to the aim of minimizing waste.
Recycling as an additional sourcing option addresses a combination of these
developments and makes it possible to integrate raw materials out of steadily increasing
waste streams back into production processes (Thierry et al. 1995). Including (a certain
amount of) recycled materials in the production process contributes to a reduction of
greenhouse gas emissions through restraining the consumption of virgin resources and
reduces the environmental impact of production (Boone et al. 2012; Beall 2015; Achebe
2016). This results in better resource efficiency and a reduction in imports of critical and/
or conflict materials (European Commission 2010, 2014a).
At the moment much research is done in the area of establishing technical
possibilities for efficient and sustainable recycling of strategic, especially critical,
raw materials (technical feasibility), but quantities resulting from such processes are
1 Such scarce raw materials that are highly economically important for production, but at the same time
face high levels of supply risk are considered as ‘‘critical materials’’ (European Commission 2010).
2 Some of the critical materials are at the same time ‘‘conflict materials’’ (3TG: tantalum, tin, tungsten
and gold), which are extracted from conflict regions and subject to social and human rights issues.
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still relatively uncertain (Beall 2015). Whereas the recycling quantities of mass
commodities like steel, aluminum, and lead are considerably high (O’Donnell
2015), the cost-effective recycling of other strategic materials is still a challenge.
Uncertainties associated with the recovery process with regards to quality, quantity,
and timing of returned products are an issue there (Linton et al. 2007). Different raw
materials can be recovered out of old mobile phones or other electronic devices.
Recycled raw materials are then again usable as production inputs, similar to raw
materials from the mine.
In addition, governments are willing to encourage manufacturers to include
recycled materials in their production processes. Moving towards incorporating
recycled content into a company’s production process moreover enables an increase
in transparency and allows supply chain partners to bypass tedious reporting
regulations, rules and disclosures as stated in the Dodd–Frank Act (Section 1502)
when sourcing conflict materials directly from the mine (SEC 2012). A similar
regulation for conflict raw materials is proposed within the European Union
(European Commission 2014b). Hence, this additional recycling source is beneficial
for the environment and society, contributing to the economic and social pillars of
the triple bottom line of sustainability.
In this research we investigate the value added of a manufacturer’s sourcing
strategy when there is the possibility to include recycled materials from a recycler.
For example, consider a European manufacturer for electronic devices and
components (e.g. high performance capacitors) that sources strategic materials
used as raw material inputs for the production of short life-cycle products with high
demand uncertainty (i.e. newsvendor products). These strategic raw materials like
gold, tantalum or other rare earth elements are usually sourced via virgin material
suppliers directly from mines located in Asia or Africa. For the sake of
environmental and social sustainability assume that the manufacturer additionally
has the possibility to obtain a certain amount of recycled raw materials (e.g.
recycled gold, recycled tantalum) from a recycling company. Hence, we take into
account flows of new and recycled materials simultaneously, i.e. create a hybrid
manufacturing and remanufacturing system (Shi et al. 2010). However, the recycler
is also subject to uncertainties and dependencies between these uncertainties. In
particular, we model the problem context as a single-period inventory problem
where the manufacturer has to take into account stochastic demand for finished
products, stochastic recycling quantities, and stochastic prices for recycled material
as well as dependencies between the stochastic parameters.
To summarize, the aim of this paper is to analyze in depth such a green sourcing
strategy with recycling including uncertainties and their correlations and to discuss
when it is beneficial for the manufacturer to source from the recycler. In this context
we discuss the following research questions:
• How beneficial is the use of recycled materials from a recycler along with virgin
material suppliers compared to a standard sourcing approach without recycling
from an economic point of view, i.e. what are the effects on quantities ordered
and expected cost?
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• How do potential dependencies of the uncertainties included in the model, i.e.
dependency of recycling prices, recycling quantities and demand, impact the
results?
• What are the benefits from an environmental and social point of view of
including a recycling option into the sourcing strategy of a manufacturer for
electronic components?
The remainder of this paper is organized as follows: In Sect. 2 we briefly review
relevant literature related to our research. The problem setting is described in
Sect. 3 and the model framework together with the corresponding formulation of the
mathematical problem are presented in detail in Sect. 4. In Sect. 5 a full factorial
design study and an extensive numerical analysis are carried out. Different scenarios
are analyzed with respect to order quantities and total costs. Finally, we provide
managerial insights into the economic and environmental benefits of sustainable
sourcing with recycling and summarize the main findings (see Sect. 5.3). Section 6
concludes the paper and suggests further research opportunities.
2 Related literature
The model we develop within this paper is related to two main streams of literature,
in particular multiple sourcing inventory models and newsvendor inventory models
including price and supply uncertainty. Additionally, our research contributes to the
stream of literature on environmental performance of supply chains and sustainable
operations management (see e.g. Jaehn 2016).
One stream of literature relevant to our paper is multiple sourcing inventory
models. Having multiple supply options in place and considering inventory models
which use more supply possibilities instead of one single supply source can be
beneficial in several aspects. Minner (2003), for instance, shows that considering
multiple supply options in inventory models can reduce or even avoid the effects of
shortage situations, thus reducing supply uncertainty. By means of dual or multiple
sourcing the dependency on a single supplier can be relaxed.
Multiple sourcing problems can further be divided into problems in a multi-
period context (e.g. Fukuda 1964; Veeraraghavan and Scheller-Wolf 2008;
Silbermayr and Minner 2014) and a single-period (newsvendor) context which is
the focus of our work. Khouja (1999) provides an overview of papers that extend
newsvendor models and classifies them into various categories. These extensions
include, for instance, multiple suppliers.
Dual sourcing models usually consider two supply options. In such models one
supplier is often a cost-efficient but inflexible source usually located at a remote
area, therefore having a long lead time. The second supplier is often flexible and
able to deliver on short notice (‘‘quick response’’), either because of its proximity to
the manufacturing company or the ability to make an emergency shipment. For this
flexibility, the manufacturer usually has to pay a premium which is represented by a
mark-up on top of the purchasing price (see Warburton and Stratton 2005; Cachon
and Terwiesch 2013). This second supplier can also be the same as the standard
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supplier offering the possibility for an order during the selling season at a higher
price but delivered with a faster transportation mode. Rosicˇ and Jammernegg (2013)
or Arıkan and Jammernegg (2014), for example, show how to extend this type of
dual sourcing newsvendor model to environmental considerations. Arıkan and
Jammernegg (2014) discuss the economic and environmental performance of a dual
sourcing newsvendor with respect to the expected emissions by means of an
environmental constraint. Rosicˇ and Jammernegg (2013) include environmental
considerations by comparing emission taxes with the European trading
scheme (ETS). By contrast, in our model the environment is considered by
including recycled materials from a recycler on top of dual sourcing from virgin
material suppliers.
In the context of newsvendor models including price and supply uncertainty,
Hong et al. (2014) consider two supply options, where the first supply source is
represented by a contract supplier with random yield. For the second supply option
they assume a spot market with stochastic spot prices. They assume that demand,
price and yield are normally distributed and furthermore consider correlations
between them. Inderfurth and Kelle (2011) consider a combination of two
alternative purchasing options, one represented by a capacity reservation contract,
the other by a spot market. Furthermore, they take into account uncertainty with
regards to spot market prices and demand and their joint effect. They show that
combined sourcing is advantageous in case of a large spot-market price variability.
Merzifonluoglu (2015) considers random customer demand, random spot prices and
yield uncertainties in the context of a single-period newsvendor setting. The author
also takes into account possible correlations between demand and spot prices and
assumes all random variables to be normally distributed.
Rowe et al. (2017) consider one virgin material supplier and one offering
recycled material in a single-period scenario, i.e. deal with procurement strategies
that are similar to our setting. Demand and prices, however, are assumed to be
deterministic. The only stochastic variables are the yields from both suppliers that
are modeled by uniformly distributed random variables. A summary of relevant
literature and how it is related to our paper is summarized in Table 1.
To sum up, different from previous literature, our paper incorporates recycling
materials into the newsvendor framework with several uncertainties, i.e. supply
Table 1 Summary of related literature
Uncertain
supply
Uncertain
demand
Uncertain
prices
Correlations Including
recycling
Hong et al. (2014) 4 4 4 4 (S, D, P)
Inderfurth and Kelle
(2011)
4 4 4 (D, P)
Merzifonluoglu
(2015)
4 4 4 4 (D, P)
Rowe et al. (2017) 4 4
Our paper 4 4 4 4 (S, D, P) 4
Stochastic parameters: S supply, D demand, P prices
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quantities, demand and prices, and takes into account dependencies between the
stochastic parameters.
3 Problem description and assumptions
For the production of the short life-cycle product in a newsvendor environment, the
electronic component manufacturer from the introductory example has to consider a
relatively long lead time for purchasing raw materials from the virgin material
supplier (from the mine). Due to these facts, the company has to order the required
amount of raw materials well in advance of the selling season to be able to produce.
As stated in the introduction, the manufacturer additionally has the possibility to get
recycled raw materials from a recycling company. The supplier of recycled
materials can be a local company close to the manufacturer’s production facility and
can therefore offer delivery within a negligible lead time. In addition, emergency
shipments of virgin materials at negligible lead time, but at a premium price, are
available for satisfying any remaining demand. To summarize, we consider two
possible sourcing strategies for the manufacturer:
• Standard sourcing approach (S) with an order from a virgin material supplier
for new materials with a long lead time and an emergency shipment for new
materials at negligible lead time but at a premium price.
• Green sourcing approach (G) with an order from a virgin material supplier for
new materials with a long lead time, a delivery from a (uncertain) recycling
supplier for recycled raw materials at negligible lead time and an emergency
shipment for new materials at negligible lead time.
In our green sourcing approach we assume that missing units are first satisfied from
the recycler, then—should there be any units missing—bought at the emergency
supplier (see also sequence of events in Fig. 1). A company might prefer to buy
recycled raw materials from a recycler to improve its public image by, for instance,
using ecolabels to provide consumers with information on sustainability character-
istics of a product (Delmas et al. 2013) and address especially the green customer
segments (Ginsberg and Bloom 2004).
The price for recycled material can either be higher or lower than the reference
price for the virgin material. Robotis et al. (2012), for instance, state that ‘‘on
average the cost for re-manufacturing a product is less than that for manufacturing a
new one’’. Rowe et al. (2017) also make the assumption that the price charged by
the virgin material supplier is strictly greater than the one by the recycled material
supplier. Information provided by experts show conflicting findings.3 They note that
there can be a deduction in the recycling price depending on the quality of the
material and that the price for recycled raw material is more or less the same as for
3 Based on personal communication with Stefan Luidold, head of the Christian Doppler Laboratory for
Extractive Metallurgy of Technological Metals, University of Leoben, Austria (22/07/2015) and Alois
Grinschgl, head of e-cycling-services and divisional manager e-cycling-services at Saubermacher, Austria
(06/07/2015).
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new material. For our research we take the realized virgin material price as an
anchor for price volatility of the recycling price and analyze both situations where
the expected recycling price is lower and higher than the price for the virgin
material.
The inclusion of recycled materials is, on the one hand, beneficial for the
environment and society, but, on the other hand, it is subject to uncertainties and
dependencies between the uncertainties that have to be considered. In this paper we
consider the following uncertainties:
• Uncertain demand: The demand for the final product is uncertain when the
material must be ordered. Short product life cycles for electronic products, an
increase in product variety and a fast developing industry lead to the fact that
demand for electronic components usually faces high uncertainty (Chopra and
Meindl 2016).
• Uncertain supply quantities from the recycler: The exact amount of material that
can be bought from the recycler is not known in advance of the selling season
and depends on several factors. Quality and purity of the recycled material may
define the quantity at the time when final demand is realized, resulting in varying
recycling quantities. In particular, the uncertainty is given with regards to
quality, quantity, and timing of return rates from the consumers (see e.g. Linton
et al. 2007).
• Uncertain prices for recycled material: Further, prices for recycled products are
volatile and assumed to be uncertain at the time of ordering at the virgin material
supplier and depend on the material, the processes at the recycler (ease of
disassembly of the products, potential difficulties associated with the separation
of the materials) and the quantities to be recycled. Quality of the returned
material and thus also the recycling procedure and the amount of material that
can be recycled define the price for recycled material, resulting in varying
recycling prices (see e.g. UNEP 2013).
In addition, we consider dependencies between these uncertainties. We assume a
negative correlation between the recycling price and the recycling quantity (see e.g.
also Hong et al. 2014) and a positive correlation between the demand for final
products and the recycling price (see Hong et al. 2014, who assume positive
correlation between demand and spot prices). It is important to have a look at the
multiple sources of uncertainty and the fact that there may be dependencies among
the potential uncertainties (Wang and Dyer 2012). Ignoring correlation between
these uncertainties in a decision-making process will overestimate potential benefits
(see Sect. 5) and lead to incorrect managerial conclusions. The incorporation of
dependencies of stochastic parameters into the model is therefore important (Smith
et al. 1992).
To summarize, for a manufacturer that wants to integrate recycling into its
sourcing process, the uncertainties in recycling quantities and prices are the most
important challenges. The manufacturing company has to find the right balance
between the amount ordered at the virgin material supplier in advance of the selling
Sustainable sourcing by integrating recycled materials
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season and the expected amount from the recycler and has to decide whether it is
beneficial (cost-effective) to take recycling into account or not.
4 Model
In this section, we present a formal model for the green sourcing approach (G) and
the standard sourcing approach (S).
4.1 Green sourcing model (G)
The manufacturing company has to satisfy demand for finished electronic products
D, a random variable with corresponding distribution function FD which is assumed
to be invertible. There, one unit of raw material (either virgin or recycled material)
is needed for one unit of the finished product. Recycling quantity R and recycling
price C are assumed to be random variables with invertible marginal distribution
functions FR and FC, respectively. Note that we do not necessarily assume that
D, R and C are independent. The joint distribution function of C, D and R is denoted
by F. The notation used in this work is summarized in Table 2.
The sequence of events is as follows (see Fig. 1): First, before demand for
finished electronic products occurs, the manufacturer decides on the order quantity
q from the virgin material supplier that provides new raw material from the mine
within a relatively long lead time. The purchasing price per unit to be paid by the
Table 2 Notation
Abbreviation Description
D, d Stochastic and realized demand
FD; fD Cumulative distribution and density function of D
R, r Stochastic and realized recycling quantity
FR; fR Cumulative distribution and density function of R
C, c Stochastic and realized price per unit of recycled material
FC ; fC Cumulative distribution and density function of C
qC;R Correlation between C and R
qC;D Correlation between C and D
F, f Joint distribution and density function of D, R, C
q Order quantity from the virgin material supplier (decision variable)
qr Expected order quantity from the recycler
qe Expected order quantity from emergency shipments
cs Purchasing price per unit from the virgin material supplier
ce Price per unit for emergency shipments
ch Leftover cost per unit for excess inventory
CkðqÞ Buyer’s realized cost for order quantity q and k where k 2 fS;Gg
EðCkðqÞÞ Buyer’s expected cost for order quantity q and k where k 2 fS;Gg
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manufacturer for one unit of virgin material is cs. Note that cs is the realized
market price when the manufacturer’s order is placed. After demand is observed,
the recycling quantity and the recycling price are realized. If the delivered
quantity from the virgin material supplier exceeds the realized demand (q[ d),
each unsold unit (q d) at the end of the period is subject to holding cost of
excess inventory ch and the sourcing process ends. In case demand turns out to be
higher than the amount ordered from the virgin material supplier (d[ q), the
company will use recycled material at a realized recycling price of c per unit. If
the realized quantity is sufficient, i.e. r[ ðd  qÞ, then the remaining units (d  q)
are sourced from the recycler and the process ends. Otherwise, the manufacturer
sources only r units from the recycler and the process continues. Any remaining
stockouts (d  q r) can be satisfied through virgin material from an emergency
supplier at a premium price of ce per unit, where ce[ cs. The emergency price
per unit of virgin material from the emergency supplier is significantly higher than
the per-unit purchasing price for the amount ordered at the virgin material supplier
in advance of the season. Sourcing from the emergency supplier includes higher
transport cost and an additional premium, as stated in the contract with the
emergency supplier who guarantees later orders at short notice and without a
capacity limit.
The manufacturer’s stochastic cost ordering q units is given by
CGðqÞ ¼
csqþ chðq dÞ; q d
csqþ cðd  qÞ; q\d; d  q r
csqþ cr þ ceðd  q rÞ; q\d; d  q[ r:
8
<
:
The expected cost under green sourcing is
EðCGðqÞÞ ¼ csqþ chEðq DÞþ þ EðC minððD qÞþ;RÞÞ þ ceEðD q RÞþ;
ð1Þ
where ðzÞþ ¼ maxðz; 0Þ.
order q from
virgin material supplier end of process
end of process
r > (q – d)
lead time
Phase 1 (before realization) Phase 2 (after realization)
Realization of
D, R, C
recycled material 
from recycler
virgin material
from emergency supplier
Fig. 1 Sequence of events of green sourcing
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The expected quantities ordered from the recycler and emergency supplier are
qr ¼ EðminððD qGÞþ;RÞÞ and qe ¼ EðD qG  RÞþ, respectively, where qG
minimizes the expected cost function (1).
Using minða; bÞ ¼ a ða bÞþ Eq. (1) simplifies to
EðCGðqÞÞ ¼ csqþ Eðchðq DÞþ þ CðD qÞþ þ ðce  CÞðD q RÞþÞ: ð2Þ
In case that the recycling price C and demand D, and recycling price C and
recycling quantity R, are uncorrelated, i.e. qC;R ¼ qC;D ¼ 0, the first and second
derivatives of Eq. (2) with respect to q are
oEðCGðqÞÞ
oq
¼ cs  ce þ ðch þ EðCÞÞFDðqÞ þ ðce  EðCÞÞðFDRðqÞÞ; ð3Þ
o2EðCGðqÞÞ
oq2
¼ ðch þ EðCÞÞfDðqÞ þ ðce  EðCÞÞfDRðqÞ; ð4Þ
where FDR and fDR are cumulative distribution and density function of D R,
respectively. If in addition ceEðCÞ, which is a plausible assumption since the
recycling price might be even lower than the purchasing price from the primary
order cs (see discussion in Sect. 3), then the expected cost is a convex function of
q (see Eq. 4) and the optimal quantity from the virgin material supplier qG
solves
ch þ EðCÞ
ce þ ch FDðqÞ þ
ce  EðCÞ
ce þ ch FDRðqÞ ¼
ce  cs
ce þ ch : ð5Þ
First insights into the model can be obtained analytically by means of conducting
a comparative-static analysis with respect to the optimal order quantity qG if qC;R ¼
qC;D ¼ 0 and ceEðCÞ. That is, the optimal procurement quantity qG is decreasing
in the leftover cost per unit for excess inventory ch, increasing in the price per unit
for emergency shipment ce, decreasing in the purchasing price per unit from the
virgin material supplier cs and increasing in the expected price per unit for recycled
material E(C). The results are derived from using the implicit function theorem on
Eq. (5). For example, for the expected unit price for recycled material E(C) we have
that
oqG
oEðCÞ ¼ 
FDðqGÞ  FDRðqGÞ
ðch þ EðCÞÞfDðqGÞ þ ðce  EðCÞÞfDRðqGÞ [ 0;
since FDðqÞFDRðqÞ.
The correlated case and the impact of varying demand, price and quantity
uncertainty will be analyzed in detail numerically in Sect. 5.
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4.2 Special case: standard sourcing (S)
Next we consider the standard sourcing approach (S) without including recycling
materials, i.e. sourcing from the virgin material supplier in advance of the selling season
and the emergency supplier. This approach is known in literature as quick response with
reactive supply or dual sourcing with emergency ordering (see e.g. Cachon and
Terwiesch 2013; Warburton and Stratton 2005). It serves as a benchmark for comparison
with the proposed green sourcing approach (G) that includes recycled materials.
In this case the manufacturer places an order q with the virgin material supplier to
satisfy random demand D. Whenever realized demand exceeds the order then d  q
emergency shipments are placed. Whenever realized demand is lower than the order
then for q d units holding cost is incurred. The manufacturer’s realized cost
ordering q units is given by
CSðqÞ ¼ csqþ chðq dÞ; q d
csqþ ceðd  qÞ: q\d:

Hence, the expected cost is
EðCSðqÞÞ ¼ csqþ chEðq DÞþ þ ceEðD qÞþ: ð6Þ
The manufacturer’s expected cost is a convex function of q. The order quantity
qS minimizing Eq. (6) is found by solving
FDðqSÞ ¼ ce  cs
ce þ ch ; ð7Þ
where ðce  csÞ=ðce þ chÞ is the newsvendor’s critical ratio with overstocking cost
co ¼ cs þ ch and understocking cost cu ¼ ce  cs. The expected quantity from
emergency shipments is qe ¼ EðD qSÞþ.
The optimal procurement quantity qS is increasing in the price per unit for
emergency shipment ce, decreasing in the leftover cost per unit for excess inventory
ch and decreasing in the purchasing price per unit from the virgin material supplier
cs (see Eq. 7).
Comparing Eq. (6) with (2) the cost difference between standard sourcing (S) and
green sourcing (G) for a given order quantity q is
EðCSðqÞÞ  EðCGðqÞÞ ¼ E½ðce  CÞððD qÞþ  ðD q RÞþÞ: ð8Þ
If qC;R ¼ qC;D ¼ 0, then Eq. (8) can be simplified to
EðCSðqÞÞ  EðCGðqÞÞ ¼ ðce  EðCÞÞðEðD qÞþ  EðD q RÞþÞ; ð9Þ
which is non-negative for all q 0 if ceEðCÞ. This means that, despite the
uncertainties associated with the recycler compared to standard sourcing, the sus-
tainable green sourcing approach benefits both the economic and environmental
performance of the manufacturer in case that the recycling price and demand and
recycling price and recycling quantity are uncorrelated and ceEðCÞ. In correlated
Sustainable sourcing by integrating recycled materials
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environments the cost difference does not necessarily need to be positive, as will be
discussed numerically in Sect. 5.2.
5 Numerical analysis
In this section we perform a numerical analysis to gain insights into the benefits of green
sourcing including recycled materials compared to standard sourcing. In particular, we
are interested how demand, recycling quantity and recycling price uncertainty impact
quantities and expected costs. We first focus on the uncorrelated case, then we have a
look at the influence of demand, price and supply correlations on the situation.
We use the sample average approximation (SAA) method to estimate the expected
cost using a sample size of 100,000 scenarios and optimize for the order quantity to
obtain qS and qG. We conducted a one-sample t-test (see Law 2007) to justify the
choice of our simulation sample size. The relative precision of at least 0.01 at the 0.99
confidence level for the cost functions under a sample size of 100,000 is given.
For sampling correlated demand, supply and price we use copulas. Copulas link
univariate marginals to their full multivariate distributions (see Nelson 2006). The
dependence structure is fully expressed by the copula. We use the Gaussian copula
where the dependence structure between the stochastic variables is captured by the
covariance matrix. To generate correlated random data from a copula we use the
MATLAB-function copularnd. The sampling procedure is similar to the case of a single
random variable using the inverse transformation. Using the Gaussian copula, uniformly
distributed random vectors are generated. They are then transformed using the inverse
cumulative distribution functions of the respective random variables to generate
realizations of correlated demand, supply and price (see Silbermayr et al. 2016).
The parameters used in this study are summarized in Table 3 (similar to e.g.
Hong et al. 2014 or Seifert et al. 2004). To analyze the effect of demand, recycling
price and recycling quantity uncertainties, we perform sensitivity analyses, where
base values are—unless otherwise stated—fixed as stated in the column ‘‘base case’’
in Table 3. In addition, we conduct a full factorial design of all possible
combinations of problem parameters stated in the column ‘‘full factorial design’’.
We assume manufacturer’s demand D to be normally distributed with mean lD
and standard deviation rD. Recycling quantities R are assumed to be beta distributed
bða; bÞ½R;R with shape parameters a and b 0 within the range [R;R]. Sonntag and
Kiesmu¨ller (2016) show that for a high mean yield a symmetric yield distribution is
not reasonable. Hence, it seems plausible to assume skewed beta-distributions for
the recycling quantity. Figure 2a shows the probability density function (PDF) for
the base values (solid curve) and for another scenario (for comparison) with a
positively skewed beta distribution with more variation (dashed curve). For both
beta-distributions the expected recycling quantity is identical (EðRÞ ¼ 66:7). Like in
financial and real options analysis, we assume prices for recycled material C to be
log-normal distributed with expected value E(C) and standard deviation rC. In
Fig. 2b we see the price distribution for the base case represented by the solid curve.
The dashed curve shows a lognormal distribution with higher standard deviation.
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With higher standard deviation the skewness increases and the probability is shifted
more towards the left.
5.1 Uncorrelated case
The uncorrelated case of our green sourcing setting with recycling option represents
a situation without any correlation between the stochastic parameters C, R and
D. We first look at the effect of increasing demand variability, i.e. increasing
standard deviation of demand, on order quantities and costs. Then we look at the
impact of varying virgin material prices and the effects of uncertainty in the
Table 3 Summary of base parameter values
Parameters Base case Full factorial design
Purchasing price per unit cs 10 f5; 10; 15g
Emergency price per unit ce 20 f16; 20g
Holding cost per unit ch 0.2
Stochastic demand D
Normal distribution NðlD;rDÞ N ð100; 25Þ
Mean lD 100
Standard deviation rD 25 {5, 25, 40}
Stochastic recycling quantity R
Beta distribution bða; bÞ½R;R bð4; 2Þ½0;100
Shape parameter a 4 {2, 4}
Shape parameter b 2 {2, 4}
Lower bound R 0
Upper bound R 100 f100; 200g
Stochastic recycling price C
Log-normal distribution LNðEðCÞ;rCÞ LNð10; 3Þ
Expected recycling price E(C) 10 {5, 10, 15}
Standard deviation rC 3 {3, 8, 15}
2001000
0
0.005
0.01
0.015
0.02
0.025
β(α = 4, β = 2)[0,100]
β(α = 2, β = 4)[0,200]
E(R) = 66.67 0 20 30
0
0.05
0.1
0.15
σC = 3
σC = 15
E(C) = 10
(a) (b)
Fig. 2 a Different skews for beta distribution. b Lognormal distribution, varying rC
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recycling quantity, in particular on the impact of negatively and positively skewed
expected recycling quantities. We further look at the impact of price uncertainty, in
particular on the expected price for recycled material. For the uncorrelated case, we
can see analytically from Eq. (5) that standard deviation of the recycling price has
no influence on the result. Hence, it is also not relevant as a parameter for this case.
5.1.1 Impact of demand variability
For a first analysis, we take a look at the optimal and expected quantities (optimal
order quantity from virgin material supplier qG, order quantity from the recycler qr
and order quantity from the emergency supplier qe) and compare them to the
standard sourcing case when varying the standard deviation of demand (see
Table 4). The difference in the total order quantity of the standard sourcing
approach (QS ¼ qS þ qe) and the green sourcing approach (QG ¼ qG þ qr þ qe) is
DQð%Þ ¼ ðQS  QGÞ=QG  100. We can see that the optimal quantity from the
virgin material supplier in the green sourcing case qG is lower than in the standard
sourcing setting qS. For the base case, where the purchasing price cs ¼ 10, the
critical ratio of the newsvendor in Eq. (7) is around 50%, so qS 	 100. In the green
sourcing setting quantities from the virgin material supplier decrease and the
manufacturer makes use of the quantity from the recycler. The higher the standard
deviation in demand, the larger the difference in order quantities compared to the
standard sourcing case. The manufacturer copes with the demand uncertainty by
making use of the quantity from the recycler and the quantity from the emergency
supplier. For the base case of cs ¼ 10, the quantity from the virgin material supplier
still covers the majority of the total quantity (QG). The manufacturer sources less
from the virgin material supplier and increasingly more from the recycler when it
comes to higher standard deviation of demand (see Table 4).
Corresponding to the behavior of the total order quantities, the cost difference,
i.e.
Table 4 Quantities, DQð%Þ and DCð%Þ for varying rD in the uncorrelated case
cs rD Standard sourcing Green sourcing DQð%Þ DCð%Þ
qS qe QS qG qr qe QG
5 5 103.26 0.78 104.04 99.87 2.07 0.00 101.94 2.06 2.34
25 116.28 3.91 120.19 100.38 9.64 0.19 110.21 9.06 9.76
40 126.05 6.26 132.31 104.46 12.88 1.02 118.35 11.79 12.68
10 5 99.94 2.03 101.97 86.37 13.62 0.01 100.01 1.96 4.01
25 99.69 10.17 109.86 70.18 29.42 1.86 101.46 8.28 16.26
40 99.50 16.28 115.78 67.87 31.48 5.50 104.85 10.43 19.73
15 5 96.59 4.16 100.74 31.63 59.97 8.41 100.00 0.74 23.29
25 82.94 20.78 103.72 32.68 54.70 12.67 100.05 3.67 28.58
40 72.71 33.25 105.96 28.94 51.86 19.85 100.65 5.28 30.03
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DCð%Þ ¼ EðC
SðqSÞÞ  EðCGðqGÞÞ
EðCGðqGÞÞ  100; ð10Þ
for the green sourcing compared to the standard sourcing approach is increasing
when it comes to higher standard deviation of demand (see Table 4). Detailed
results of the full factorial design are shown in Table 7 in the Appendix. We see that
for the uncorrelated case the green sourcing strategy is in every case beneficial
compared to standard sourcing [see also Eq. (9) as EðCÞ\ce].
5.1.2 Impact of varying virgin material prices
We now look at the results of total cost for the green sourcing compared to the
standard sourcing approach in case of different combinations for the related raw
material prices, i.e. purchasing price at the virgin material supplier cs, expected
recycling price E(C) and emergency price ce (see Table 7 for the full factorial
design).
For a material with an expected recycling price fixed to EðCÞ ¼ 10 (base case)
and a comparably higher purchasing price of cs ¼ 15 (critical ratio of model S
around 25%), the order quantity from the virgin material supplier qG is significantly
reduced (see Table 4). It is reasonable (cost minimizing) for the manufacturer to
pursue a ‘‘wait-and-see’’ approach for the development of the recycling price and to
rely less on the order quantity from the virgin material supplier at costs of cs ¼ 15.
In most cases it will be beneficial to source from the recycler and to use the
emergency supplier if necessary. For a product where the purchasing price cs is
lower (cs ¼ 5, critical ratio around 74%) than the expected recycling price
(EðCÞ ¼ 10), the virgin material supplier is the main purchasing source (Table 4).
Only remaining quantities are bought from the (often more expensive) recycler and
emergency supplier. For the product with cs ¼ 15, the savings that can be achieved
by using the green sourcing approach are even higher than for the base case
(cs ¼ 10), whereas for a product with cs ¼ 5 the savings are lower. Those
developments are also evident when observing the cost savings in Table 7.
We see in Table 7 that a lower emergency price of ce ¼ 16 results in larger cost
savings compared to the base case of ce ¼ 20, when the purchasing price from the
virgin material supplier is high (cs ¼ 15) and the expected price from the recycler is
low (EðCÞ ¼ 5). The smaller the cost difference between cs and E(C), the lower
these cost savings. As long as the expected recycling price is smaller than the price
charged by the virgin material supplier, the strategy of the manufacturer is to meet
demand primarily from the recycler. In such cases the manufacturer can benefit
from the development of low emergency prices and buys significantly less from the
virgin material supplier in advance of the selling season. The manufacturer pursues
a wait-and-see strategy and therefore buys more from the recycler and emergency
supplier. Only for high expected recycling prices the manufacturer reverses his
strategy and sources mainly from the virgin material supplier.
Sustainable sourcing by integrating recycled materials
123
5.1.3 Impact of uncertainty of the recycler
Now we focus on the impact of a positive and negative skewness of the distribution
of the recycling quantity R for a fixed expected value E(R). We consider two
possible scenarios based on the offer of the maximum recycling quantity from the
recycler. From previous experience, the manufacturer expects to obtain the
following: In case the recycler offers an upper level of 100, the probability is high to
receive a high recycling quantity. In contrast, if the upper level is high (200), the
same quantity can be expected meaning that the probability to obtain a high
recycling quantity is low. See Fig. 2a where the expected recycling quantity for both
distributions is EðRÞ ¼ 66:67.
Table 5 shows the quantities and cost differences for different skews in recycling
quantities and for different expected values. In the first scenario (bð4; 2Þ½0;100) the
manufacturer orders proportionally less from the virgin material supplier than in the
second scenario (bð2; 4Þ½0;200) and the fraction of order quantity from the recycler
on the total quantity is higher resulting in higher cost savings. Due to positive
skewness of R in the second scenario (Fig. 2a), the cost difference increases in rC.
When looking at the impact of different expected prices for recycled material, we
see in Table 5 that with increasing expected prices E(C) the quantity from the virgin
material supplier increases, whereas the order quantity from the recycler decreases.
We find that qr is slightly higher (and qG slightly lower) in case recycling quantities
are distributed bð4; 2Þ½0;100 compared to the other case. For negatively skewed beta-
distributed recycling quantities, where the manufacturer gets more materials from
Table 5 Quantities, DQð%Þ and
DCð%Þ for different E(C) in the
uncorrelated case
E(C) qG qr qe DQð%Þ DCð%Þ
bð4; 2Þ½0;100 5 45.84 47.17 7.15 9.69 43.51
10 70.18 29.42 1.86 8.28 16.26
15 89.71 15.53 0.46 3.94 5.36
bð2; 4Þ½0;200 5 53.27 38.10 8.95 9.51 33.17
10 75.73 23.25 3.26 7.46 13.84
15 90.84 13.89 1.36 3.55 4.91
Table 6 Cases for different
values of qC;R and qC;D
qC;R qC;D
Uncorrelated case 0 0
Case 1 -0.7 0
Case 2 -0.7 0.7
Case 2.1 -0.2 0.7
Case 2.2 -0.7 0.2
Case 2.3 -0.2 0.2
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the recycler with higher probability, the recycler is taken into consideration more
often, especially when the expected recycling price is low. This is also reflected in
the cost savings. When the expected recycling price is lower than the price from the
virgin material supplier, the savings potential is significant (see also Table 7).
5.2 Effect of demand, supply, and price correlation
In this section we focus on the impacts of a correlation effect. We distinguish
between two main cases (see Table 6). In case 1, a negative qC;R is taken into
account and in case 2 additionally a positive qC;D is taken into consideration.
Additionally, we look at sensitivities of qC;R and qC;D (cases 2.1–2.3) in Sect. 5.2.4.
ρC,D
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ρ
C
,R
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0 12
13
14
15
16
Fig. 3 Cost difference DCð%Þ for different correlations of qC;R and qC;D
σD
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uncorrelated case
case 1 (ρC,R = −0.7, ρC,D = 0)
case 2 (ρC,R = −0.7, ρC,D = 0.7)
Fig. 4 DCð%Þ for the uncorrelated case, case 1 (qC;R ¼ 0:7; qC;D ¼ 0) and case 2
(qC;R ¼ 0:7;qC;D ¼ 0:7) varying rD
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Figure 3 shows the cost difference of the green sourcing strategy varying
correlation when compared to the standard sourcing strategy for our base case.
When considering solely correlation between C and R, i.e. qC;D ¼ 0, the highest cost
savings can be achieved. As soon as qC;D[ 0, cost savings decrease. Taking
dependencies qC;D[ 0 into consideration has a negative influence on cost savings
and costs are higher than in the uncorrelated case, but ignoring the correlation
between C and D in a decision-making process will overestimate the benefits. This
finding is consistent with the results of the full factorial design for case 1
(qC;R ¼ 0:7 and qC;D ¼ 0) and case 2 (qC;R ¼ 0:7 and qC;D ¼ 0:7) shown in
Tables 8 and 9 in the Appendix.
5.2.1 Impact of demand variability
In Fig. 4 we compare the cost difference DCð%Þ varying standard deviation of
demand rD for the uncorrelated case (solid curve) with the cost savings achieved for
case 1 (qC;R ¼ 0:7; qC;D ¼ 0) and case 2 (qC;R ¼ 0:7; qC;D ¼ 0:7). The cost
savings from case 1 are higher than for the uncorrelated case, but when also
including demand correlations (case 2) cost savings are lower than in the
uncorrelated case.
The cost savings can even become negative, as shown in Table 9, especially for a
high expected value and standard deviation of the recycling price for low and
moderate cs (cs ¼ 5; 10). Considering negative correlation between C and R (case 1)
results in more purchases from the recycler than is the case for the uncorrelated
scenario. If the recycling quantity is high, it is likely that prices of recycled material
will be low. Thus, this effect results in more savings compared to the uncorrelated
scenario. For higher standard deviation of demand this effect is even stronger, as it
is more likely that the recycler is used, which results in lower costs and thus higher
cost savings. Additionally, considering positive correlation between C and D (case
2) results in lower cost savings, as with higher demand also costs for the recycled
materials are likely to be higher. More purchases from the recycler in terms of
demand uncertainty also means that the quantity from the recycler may not be
enough to fulfill the entire demand. Hence, quantity from the expensive emergency
supplier has to compensate for it, which results in higher costs.
5.2.2 Impact of varying virgin material prices
For the correlated cases we see developments similar to the uncorrelated case when
varying the virgin material prices (see Sect. 5.1.2), i.e. when the cost difference
between cs and E(C) is substantial, the manufacturer pursues a wait-and-see strategy
and benefits from low recycling prices and can therefore achieve higher cost
savings. For low emergency prices ce we see higher cost savings as long as cs is high
and E(C) is low.
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When comparing the cost savings of correlated case 1 (Table 8) with the savings
of the uncorrelated case (Table 7) we can see that savings in case 1
(qC;R ¼ 0:7; qC;D ¼ 0) are generally higher than in the uncorrelated case and
the difference even increases when it comes to a high rC. Comparing the cost
savings of correlated case 2 (Table 9) with the savings achieved in the uncorrelated
case, the savings in case 2 tend to be higher for high cs. For low cs the savings can
even become negative.
5.2.3 Impact of uncertainty of the recycler
The cost differences between green and standard sourcing for different expected
recycling prices in the correlated cases shown in Tables 8 and 9 decrease with
increasing E(C). This is because the manufacturer relies more on the virgin material
supplier when it comes to higher prices for the recycled material.
In contrast to the uncorrelated case, rC does have an influence on the optimal
order quantity qG. Figure 5a shows that for case 1 the quantity from the virgin
material supplier still covers the majority of the entire quantity, but with increasing
rC the expected quantity from the recycler increases. This is due to the fact that the
correlation qC;R and standard deviation of R are constant, leading to a lower
covariance of R and C. For case 2 (Fig. 5b) this effect is even stronger and the
interplay between C, R and D can be shown. It can be observed that for increasing
rC the manufacturer relies more on the recycling quantity. This effect is also
reflected in the cost difference DCð%Þ shown in Table 9.
5.2.4 Cases for different variations of correlations
Up to now we have analyzed situations with strong correlations (qC;R ¼ 0:7 and
qC;D ¼ 0:7). Depending on market environments, correlations may not be that
strong. We therefore consider additional cases as listed in Table 6.
From Fig. 6 we see that a strong correlation of recycling price and recycling
quantity qC;R (cases 2 and 2.2 with qC;R ¼ 0:7) results in higher cost savings
compared to a weak correlation of these parameters (cases 2.1 and 2.3 with
qC;R ¼ 0:2) when varying rC. Quantities bought from the recycler increase with
increasing rC. A strong correlation effect between C and R leads to the result that
cost savings can be achieved through low recycling prices for high recycling
quantities. If this relationship is less strong, the cost savings decrease, resulting in
descending curves in Fig. 6. Including correlations between demand and recycling
price qC;D in the analysis leads to the result that strong correlation (qC;D ¼ 0:7)
results in higher cost savings compared to weaker correlation (qC;D ¼ 0:2). When
considering the effect between C and R to be strong, those low recycling prices are
more likely achieved when there is a lot of recycling quantity from the recycler.
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Best performing in terms of cost savings is—in all of the observed modified cases—
case 2.2, the lowest cost savings can be achieved with case 2.1.
We also looked at the impact of varying standard deviation of demand rD for the
different correlation values according to Table 6. For all modified cases of case 2,
cost savings increase when standard deviation of demand gets higher. The variation
in results for the different cases is higher, the higher standard deviation of demand
is. More savings compared to case 2 are achieved by the cases 2.2 and 2.3, which
only show a weak correlation between C and D. Lower savings are obtained by case
2.1 where qC;D ¼ 0:7. Considering a stronger correlation of demand and recycling
price negatively impacts the cost savings results.
Additionally, we analyzed the impact of different E(C) on the cost savings when
having different correlation values. With higher expected recycling prices, cost
savings decrease. Similar to the analysis before we also analyzed here the modified
cases of case 2. The results here do not extensively differ from each other, but we
can again see that cases with a strong correlation of demand and recycling price
perform worse compared to the others. Case 2.1 performs weaker than case 2, while
cases 2.2 and 2.3 outperform case 2. A stronger distinction is visible with low values
of E(C).
5.3 Managerial implications
To summarize from our numerical results, the green sourcing approach including
recycled materials is most beneficial compared to the standard sourcing case without
recycling materials in terms of cost savings for
• high demand variability, i.e. high standard deviation of demand rD (e.g.
Table 4; Fig. 4): In a situation where the actual demand might significantly
deviate from the expected demand, which is the case for high uncertainty in
demand, it is beneficial to decide to source a larger proportion of the required
quantity at a later point in time. This is enabled by further sourcing options.
• high prices of virgin material cs (e.g. Table 4); low expected recycling prices
E(C) (e.g. Table 5). If the price for new raw material is higher than the price for
recycled material, the manufacturer prefers to source from the recycler. Even if
virgin raw material is marginally cheaper than recycled material, the risk of
holding costs makes the recycling option more favorable. The cheaper the new
material gets in contrast to the recycled material, the more is sourced from the
virgin material supplier.
• decreasing skewness of the recycling quantity (e.g. Table 5). A decreased
skewness of the distribution of the recycling quantity leads to a higher
probability of receiving a higher amount of recycled material.
• negative correlation between recycling price and recycling quantity (qC;R), if
recycling price and demand are uncorrelated (qC;D ¼ 0). Including demand
dependencies in the analyses negatively contributes to cost savings (Figs. 3, 6;
Tables 7, 8 and 9). This means that if the recycling price is high, a manufacturer
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faces a situation of high demand and limited availability of recycled materials.
As a consequence he relies less on recycled materials. The stronger the
correlation between recycling price, demand and recycling quantity, the more
intense this effect.
• increasing standard deviation of the recycling price rC, if qC;R is negative and
qC;D ¼ 0 (Fig. 6). From Fig. 2b it can be seen that with higher standard
deviation of the recycling price lower prices are more likely to occur.
Additionally, the green sourcing approach is not only beneficial from an economic
point of view, but also in terms of the environment.
• Reducing the total quantity compared to the standard sourcing case (Tables 4, 5)
and supplying part of the total quantity from a recycler positively contributes to
total emission reductions.
To sum up, our analyses provide decision support for manufacturers to understand
the impacts of uncertainty associated with recycling materials and how to achieve
significant cost savings as well as emission reduction through a green sourcing
compared to a standard sourcing approach.
6 Conclusions and outlook
We investigated a manufacturer’s sustainable green sourcing strategy with the
opportunity to procure strategic materials from virgin raw material suppliers and
from a recycler, hence taking into account new and recycled materials simultane-
ously. Considering stochastic prices for recycled materials, stochastic recycling
quantities and stochastic demand as well as their potential dependencies, we
developed a single-period inventory model and compared it to a standard sourcing
approach without recycling. We derived the order quantities for recycled and virgin
raw materials, as well as the related costs and evaluated the effectiveness of the
sourcing strategy compared to standard sourcing without using recycling materials.
Based on the results it can be concluded that by using a green sourcing strategy the
negative environmental impact can be reduced whilst improving economic
performance. Considering correlation between recycling price and quantity and
taking into account also demand correlations can have a significant impact on the
manufacturer’s sourcing strategy. We showed the differences in this paper
exemplarily by means of cost savings compared to the standard sourcing case.
Green sourcing is most beneficial when considering high demand uncertainty, high
prices of virgin material and low expected recycling prices. Increasing negative
correlation between recycling price and recycling quantity positively influences cost
savings from green sourcing, while additionally considering positive correlation
between demand and recycling price negatively impacts cost savings. In addition,
total quantity can be reduced by green sourcing compared to standard sourcing. This
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reduces the environmental impact as it lowers total emissions through less
consumption of virgin resources.
Our work also provides starting points for extensions. To gain additional insights
into the effectiveness of green sourcing, future research could elaborate on a
relaxation of the decision sequence of the model and allow the manufacturer to
choose between the emergency supplier and the recycler after demand realization
depending on the realized price for recycled raw material. Relaxing the sequence of
events will influence cost savings positively, but rather in extreme scenarios where
it is likely that recycling material is more expensive than the emergency shipment of
virgin material.
Furthermore, considering the case of sourcing from the recycler without sourcing
from the virgin material supplier may be worth investigating. In this case the buyer
completely relies on the realized quantity of the recycler and the emergency supplier
to meet demand. At the moment it is not realistic to consider the recycler as the
major source for raw materials, because of limited capacity at the recycler and
quantity-wise not enough recycled raw materials to enable a proper substitution of
virgin raw materials through recycled raw materials. Recycling efficiency of
strategic raw materials is not yet given, so scrap obtained from end-of-life products
in the electronics sector is not sufficient to displace the entire need for virgin
materials (Graedel et al. 2011a, 2011b). However, it would be interesting to analyze
such a future scenario.
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Appendix
See Tables 7, 8 and 9.
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